We constructed a cw Ti:Al 2 O 3 master oscillator-dye preamplifier-Ti:Al 2 O 3 power amplifier system that generates Ͻ2-ns, 100-mJ pulses. The system is tunable from 750 to 890 nm and has a repetition rate of 30 Hz. The output pulse has a near Fourier-transform-limited bandwidth of ϳ240 MHz. Backward stimulated Brillouin scattering is used to control the growth of amplified spontaneous emission ͑ASE͒. The content of ASE in the final output is under our detection limit ͑Ͻ10
Introduction
A spectroscopic light source of narrow bandwidth, high pulse energy, diffraction-limited beam quality, and wide tunability has been proved to be extremely powerful for use in the investigation of atomic, molecular, and optical processes that require a high degree of sensitivity and selectivity. For many years, high brightness laser systems based on tunable dye lasers have satisfied these needs. [1] [2] [3] [4] [5] These lasers are still in widespread use for frontier spectroscopic research. Meanwhile, advanced development of new solid-state tunable lasers and parametric devices has produced a robust candidate in Ti:Al 2 O 3 , which has many qualities that can rival laser dyes. 6 Narrow-bandwidth Ti:Al 2 O 3 oscillators, high-power Ti:Al 2 O 3 amplifiers, and pulsed amplification of cw oscillators have all been demonstrated. [7] [8] [9] [10] [11] [12] [13] [14] [15] An actively stabilized single-mode cw Ti:Al 2 O 3 laser and pulsed Ti:Al 2 O 3 lasers have been available commercially for several years.
Pulsed amplification of a well-controlled cw laser remains as one of the best means to obtain high single-mode power with broad tunability and controlled scanability. However, an all-solid-state Ti: Al 2 O 3 system has significant shortcomings. Since the excited-state lifetime of Ti:Al 2 O 3 is 3.4 s, 6 the subsequent pulse width, timing, and jitter of the amplified output all strongly depend on the laser power that pumps the Ti:Al 2 O 3 crystals and on the output wavelength. The variations in pulse width and timing jitter make precise time synchronization with other events in an experiment that is difficult if not virtually impossible. This limits the versatility of Ti:Al 2 O 3 for use as a broadly tunable source.
In this paper we describe a new approach that provides a nearly all-solid-state high-power single-mode broadly tunable radiation for use in spectroscopy, photochemistry, and other applications. It is a hybrid system that combines the advantages of a single-mode cw solid-state oscillator, the well-defined timing from a dye preamplifier, and the power amplification of Ti: Al 2 O 3 . In this system, well-controlled, single-mode scanning is provided by a cw Ti:Al 2 O 3 oscillator. One can determine the pulse duration and the jitter of the output pulse by pumping a dye preamplifier with a nanosecond pump laser pulse. The short dye excitedstate lifetime and the nanosecond pump pulse duration set the temporal characteristics of the output pulse. Finally, power amplification is provided by two Ti:Al 2 O 3 amplifiers that boost the overall energy gain in excess of 3 ϫ 10 7 to an output power greater than 50 MW in the primary tuning range. In addition, a novel phase-conjugate mirror inserted in the amplifier chain reduces the amount of unwanted background radiation to below the detection limit of our photodiode detectors.
In Section 2 we give a detailed description of the laser system, followed in Section 3 by a discussion of the spectral, temporal, and spatial characteristics of the laser output showing that this system should be useful for many applications.
System Description
The basic technique used in the construction of this laser system ͑see Fig. 1͒ is pulsed amplification of a single-mode cw Ti:Al 2 O 3 laser. Briefly, the cw ring laser output is pulse amplified with a dye preamplifier and two Ti:Al 2 O 3 amplifiers. The pump sources for these amplifiers are two Q-switched Nd:YAG lasers.
The starting point of the system is a Coherent 899-29 Autoscan ring Ti:Al 2 O 3 laser pumped by an argon-ion laser. This laser gives a well-characterized light beam of 10-MHz bandwidth, ϳ350-mW beam power, and continuous tunability from 750 to 910 nm by use of two sets of mirrors. The ring laser is optically isolated from the amplifier chain with a broadband permanent magnet Faraday isolator ͑Electro Optics Technology, Inc.͒ to prevent mode hopping induced by the feedback of amplified spontaneous emission from the amplifiers.
The cw beam from the ring laser, after it passes through an optical isolator, enters the dye preamplifier. The primary reason for using a dye preamplifier is so that a pulse whose width and timing do not change with wavelength is produced. The beam is double passed through the dye cell with the help of a highly reflective mirror and is extracted through the optical isolator. The dye cell we used is a prism dye cell developed originally for excimer laser pumping. 16 This preamplifier is pumped by a part of the second harmonic of an injection-seeded Nd:YAG laser. Since the Nd:YAG laser output has a single longitudinal mode, the temporal profile of the output from the dye preamplifier is smooth and results in the narrowest bandwidth pulse from the dye preamplifier. The dye cell has a bore diameter of 1 mm and is 20 mm long. The size of the cw beam at the entrance of the dye cell is approximately 1.5 mm, which is larger than the dye cell bore size. The output from this stage is an Airy pattern with a central lobe and a set of diffraction rings. After expansion by a telescope, only the center lobe is sent to the next stage of amplification.
The next stage amplifier is an eight-pass Ti:Al 2 O 3 amplifier, which is the first Ti:Al 2 O 3 amplifier in the system. The signal beam from the preamplifier is first expanded by a telescope, it passes the second optical isolator, another telescope reduces the beam diameter to 3 mm and it then enters the first Ti:Al 2 O 3 amplifier. The first telescope ensures that the size of the amplified beam to be extracted after eight passes is large enough so that it will not damage the isolator ͑damage threshold of 300 MW͞cm 2 ͒. The second telescope is used to reduce the beam size of the signal beam such that it matches the pump beam size in the first Ti:Al 2 O 3 amplifier. This amplifier stage is accomplished with four passes through the amplifier, reflection from a phase conjugate mirror, and retrace of the original beam path to achieve another four passes. We achieved the first four passes by angular multiplexing with two prisms and one 0°h ighly reflective mirror. The angles of these prisms and mirror are adjusted such that signal beams for each pass overlap only partially with each other at the amplifier, and the signal beam is sent to the stimulated Brillouin scattering ͑SBS͒ cell after the first four passes. A second optical isolator is used to extract the amplified beam after eight passes.
The signal pulses from each pass also overlap only partially with each other in time because of the distance between the prisms and the mirror. Since the overlap area is relatively small ͑estimated to be ϳ20% of the total area of the signal beams͒, the volume covered by the standing waves in the crystal is small. The energy that can be extracted from this stage would not be affected too much by hole burning because of the standing waves created in the crystal.
The first Ti:Al 2 O 3 amplifier is pumped by the second harmonic of a noninjection-seeded Nd:YAG laser. Since the excited-state lifetime of Ti:Al 2 O 3 is 3.4 s, which is long compared with the pump pulse duration, it is not necessary to pump the Ti:Al 2 O 3 amplifier by an injection-seeded Nd:YAG laser. We find that the optimal time to pump the first Ti:Al 2 O 3 amplifier is 30 ns before the signal pulse arrives from the dye preamplifier. This is reasonable since the FWHM of the pump pulse is 8 ns and most of the energy of the pump pulse falls within the 30-ns duration. This timing allows all the photons from the full pump pulse to have been absorbed by the crystal, resulting in the highest gain for the signal beam. For the same reason, the amount of amplified spontaneous emission ͑ASE͒ produced in this stage is at the maximum at this delay. The timing between the pump beams of the dye preamplifier and the first Ti:Al 2 O 3 amplifier is controlled by an external delay generator. A 75-cm focal-length lens and a 50-cm focal-length lens are used to form a relay image telescope to produce a 5.3-mm pump beam diameter at the face of the Ti:Al 2 O 3 crystal. Use of relay imaging produces a homogeneous pump profile on the crystal, which avoids potential damage caused by hot spots in the pump beam. The signal and the pump beams propagate in a near-collinear ͑ϳ1°͒ manner and are both polarized along the c axis of the crystal to maximize the gain and absorption, respectively. The length of the crystal is 1 cm, chosen so that ϳ90% of the pump beam is absorbed.
The output after four passes in the first Ti:Al 2 O 3 amplifier is then sent to a phase-conjugate mirror, one of the key components of this system. The phase-conjugate mirror operates by backward SBS. Optical phase conjugation by SBS is widely used in high average power solid-state lasers and multipass amplifiers to counteract problems with the laser beam as a result of thermal lensing, thermally induced birefringence and depolarization, and to achieve pulse compression. 17 It has also been found that the narrow-bandwidth laser has the lowest threshold for SBS and achieves the best wave-front reverse fidelity in the SBS phase conjugator. We have taken note of this property of SBS and explored its utility to solve an important problem in cw pulse amplified laser systems: the suppression of ASE.
ASE in this system originates from spontaneous emission in the dye preamplifier. The emission is amplified first in the two-pass dye preamplifier and then by the first Ti:Al 2 O 3 amplifier. This ASE content becomes a high percentage of the total pulse energy as the wavelength is changed from the center of the dye gain curve to the edge of the gain curve. We have demonstrated 18 that this ASE can be efficiently suppressed by SBS phase conjugation. By simply focusing the laser beam with a 15-cm focallength lens into a cell that contains the SBS medium FC104, a fluorocarbon liquid ͑PCR, Inc.͒, as much as 75% of the incident narrow-bandwidth beam is reflected. The reflected beam is the phase conjugate of the original beam, and the ASE in the reflected beam is under our detection limit ͑Ͻ10 Ϫ4 ͒. Insertion of a SBS phase-conjugate mirror into the amplifier chain therefore provides effective discrimination between the signal pulse and the ASE background. The other advantage of the SBS mirror is that the conjugated pulse retraces the beam path through the amplifier chain, easily permitting additional amplification and more efficient extraction of the energy stored in the amplifier.
The signal beam from the first Ti:Al 2 O 3 amplifier, after extraction by the second optical isolator, is then sent to a second amplifier. The second Ti:Al 2 O 3 amplifier is a two-pass amplifier, which is pumped by the same Nd:YAG laser that is used to pump the dye preamplifier. The signal beam from the first Ti: Al 2 O 3 amplifier arrives at this stage ϳ30 ns after the second Ti:Al 2 O 3 amplifier is pumped. This delay is achieved as a result of the multipass ͑eight passes͒ of the signal beam in the first amplifier. A 40-cm focallength lens and a 25-cm focal-length lens serve as a relay image telescope to produce a 5.1-mm pump beam diameter at the face of the Ti:Al 2 O 3 crystal. The signal and the pump beams cross at the crystal at an angle of 10°and are both polarized along the c axis of the crystal to maximize the gain and absorption, respectively. After completion of the final two passes, the output is analyzed.
Performance

A. Energy
A gain of approximately 2 ϫ 10 4 is obtained from the preamplifier with a Nd:YAG pump laser energy of 70 mJ͞pulse at 532 nm. The output energy, measured before the beam enters the first Ti:Al 2 O 3 amplifier, is approximately 120 J͞pulse at 820 nm, the center of the dye gain curve ͑LDS 821, 0.01 g͞l͒. Approximately 150-mW beam energy from the ring laser is enough to saturate the gain of this preamplifier. Since the cw beam diameter ͑1.5 mm͒ is larger than the bore size of the dye cell ͑1 mm͒, the actual power of the cw beam needed to saturate the amplifier is estimated to be less than 70 mW.
After amplification of the first four passes ͑halfway through the eight passes͒ in the first Ti:Al 2 O 3 amplifier, we obtain approximately 10 mJ͞pulse at 820 nm for a pump laser energy of 380 mJ͞pulse at 532 nm. At the end of eight passes in the first Ti:Al 2 O 3 amplifier, including reflection by the phase-conjugate mirror, approximately 20 -40 mJ measured after extraction by the polarizer can easily be obtained for the entire dye tuning range. A total energy gain of 300 is obtained from these eight passes. We found that our second isolator is not efficient for extracting the pulse because of the low reflectivity ͑Ͻ80%͒ of the thin-film polarizer used in the second isolator. The actual pulse energy after eight passes is thus greater than 50 mJ with a higher than 400 energy gain. ͒, which we demonstrate by measuring the output pulse energy as a function of the 532-nm pump energy at this stage. At a pump energy of 220 mJ, the energy output from the first four passes reaches the reflection threshold of SBS. The slope efficiency calculated by fitting a straight line to the data above 220 mJ is 32%, which corresponds to approximately 50% quantum conversion efficiency.
The signal beam from the first Ti:Al 2 O 3 amplifier is then sent to the second Ti:Al 2 O 3 amplifier. After completion of two passes in the second Ti:Al 2 O 3 amplifier, as much as 100 mJ is obtained at the center of the dye gain curve and approximately 70 mJ at the edge of the gain curve with a second pump beam energy of 280 mJ. Figure 2 shows the final output energy of this system at various wavelengths. Because of partial hole burning in the amplifier crystal created by the multipass beam overlap and the mismatch with the pump beam mode, the energy extraction efficiency in the second Ti:Al 2 O 3 amplifier is somewhat lower than the efficiency in the first Ti: Al 2 O 3 amplifier.
B. Temporal Profile
The temporal profile of the output from the dye preamplifier is shown in Fig. 3 . It significantly deviates from the near-Gaussian profile of the pump beam.
The deviation is due to the exponential gain of the amplifier and the double passage in the dye cell. The duration of the pulse is approximately 7 ns. After four passes in the first Ti:Al 2 O 3 amplifier, no significant change of the pulse duration is observed, as shown in Fig. 3 .
The most significant change to the pulse profile in this system comes from the SBS phase-conjugate mirror. One of the consequences of using a SBS mirror is that it compresses the pulse duration. The pulse duration of the reflected beam from the SBS mirror is a function of the input pulse duration, the SBS medium, and the focal length of the lens used to focus the beam into the SBS medium. For an input pulse duration of 7 ns and using FC104 as the SBS medium, we obtained a pulse duration of 1.7 ns when using a lens with a focal length of 15 cm. A lens with a shorter focal length produces a longer pulse duration. However, it tends to cause optical breakdown in the SBS medium. Subnanosecond pulse duration can be obtained by using a lens with a long focal length. For the purpose of producing the smallest bandwidth, a lens with a 15-cm focal length is used in this system. The pulse duration of the reflected beam from the SBS mirror is shown in Fig. 4 . Additional amplification in the second four passes of the first Ti:Al 2 O 3 amplifier and the two passes of the second Ti:Al 2 O 3 amplifier also caused changes in the temporal profile. Figure 4 shows the temporal profile of the final output. The steep fall and shortening of the pulse are a clear indication that saturation has been reached in these amplifiers. All these pulse shortening effects contribute to the spectral broadening of the pulse that is discussed below.
The shot-to-shot variation of the final output is shown for fifteen consecutive pulses in Fig. 5 . The pulses are overlapped for ease of comparison. The amplitude variation is ϽϮ10% and the temporal jitter is Ͻ400 ps with respect to the Q-switch timing of the pump laser, which is used to pump the dye preamplifier. The temporal jitter of a few nanoseconds between two pump lasers does not have an effect on the final output temporal jitter, because the Ti:Al 2 O 3 amplifiers are pumped ϳ30 ns ahead of the signal beam and the lifetime of excited-state Ti:Al 2 O 3 is long. The amplitude variation of the final output is comparable with the amplitude variation of the pump laser, which is to be expected since the amplifiers are nearly saturated.
C. Spatial Profile
Significant aberration of the signal beam is possible due to the large number of passes through the gain regions, mirror reflections, and transmission through surfaces. Beam profiles are monitored at several locations in order to quantify the effect. Figure 6͑a͒ shows the profiles in the horizontal and vertical directions through the centroid of the signal beam taken by a CCD camera after the first four passes in the first Ti:Al 2 O 3 amplifier. The smooth curves are Gaussian fits to the data. The periodic modulation in the data is due to an interference effect produced by the two surfaces of the window of the CCD camera. The amplified beam size becomes smaller than the cw beam size, which is caused by the gain narrowing from the amplifier. However, the result is still close to a Gaussian beam after amplification.
The reflected beam from the SBS mirror together with another four passes in the first Ti:Al 2 O 3 amplifier is then extracted by the second optical isolator. Figure 6͑b͒ shows the profiles in the horizontal and vertical directions through the centroid of the signal beam ϳ2 m from the extraction point after eight passes in the first Ti:Al 2 O 3 amplifier. In addition to the thin window in front of the CCD camera, the 10% reflection from the second surface of the thin-film polarizer also produced an interference effect on the beam profile measurement, resulting in a nonsymmetric beam profile in the horizontal direction. Except for these effects, the output appears to be a Gaussian beam. The profiles in the horizontal and vertical directions through the centroid of the final output beam after the second amplifier in the near field are shown in Fig. 6͑c͒ . After a long passage through the system the beam profile remains smooth and is nearly Gaussian, and the beam does not show any fine structure or hot spot after being amplified by 3 ϫ 10 7 to a final pulse energy of 80 -100 mJ.
D. Amplified Spontaneous Emission
ASE in this system originates from spontaneous emission in the dye preamplifier. The emission is amplified first in the two-pass dye preamplifier and then by the Ti:Al 2 O 3 amplifiers. Because of the double passes in the dye cell, a significant amount of ASE is produced. However, after the signal beam has traveled ϳ2 m to reach the first Ti:Al 2 O 3 amplifier, most of the ASE is diffracted away and the amount of ASE is reduced. The output of the dye preamplifier at the center of the dye gain curve, measured before the beam enters the first Ti:Al 2 O 3 amplifier, has approximately 2-3% of its energy as ASE at 835 nm for dye LDS 821. After four passes in the first Ti:Al 2 O 3 amplifier, the percentage of the ASE is increased by a factor of 2-3. This ASE content becomes an even higher percentage of the total energy as the wavelength is changed from the center of the dye gain curve to the edge of the gain curve. However, simply focusing the laser beam by a lens with a 15-cm focal length into a cell containing FC104, the reflected SBS beam contains an amount of ASE that is virtually nondetectable.
To analyze the ASE content, a small portion of the final output pulse was dispersed with a 1200-groove͞mm grating and then sent to two calibrated photodiodes. One photodiode was located in the direction where the dispersed ASE beam would travel whereas the other photodiode was located at a position that intercepts the dispersed injection laser beam. The measurement was performed for several injection wavelengths. It was found that the ASE energy in the beam was less than the noise limit of 1 J of the calibrated photodiode. For an initial ASE content of 10% at 835 nm, ASE was reduced by at least 3 orders of magnitude by SBS phase conjugation to Ͻ1 ϫ 10 Ϫ4 of the pulse energy. Another fluorocarbon, FC43, has also been used as the backward SBS medium. The suppression of the ASE by FC43 was as good as the suppression by FC104, however, the reflectivity of the narrow-bandwidth beam was only approximately 45%.
E. Bandwidth
Another consequence of using a SBS mirror is that it imposes a frequency shift on the incident beam in addition to compression of the pulse duration. Using a spectrum analyzer with a free spectral range of 7.5 GHz and a finesse of 150, we measured simultaneously ͑without the refractive-index effects in the amplifiers͒ the signal beam before it enters the SBS cell and the beam reflected from the SBS cell. We determined this shift to be 1844 Ϯ 20 MHz for FC104 at 835 nm. Note that the shift is wavelength dependent. Figure 7 shows an analyzer scan of the pulse laser beam before reflection by the SBS mirror and the final output simultaneously. The bandwidth of the beam was broadened from 92 to 240 MHz. This increase is a combination of the effect of pulse compression and the bandwidth imposed by the SBS medium. Note that the time-bandwidth product of the final output is still approximately 0.5, indicating that the pulse remains the same time-bandwidth product after reflection from the SBS mirror.
F. Tuning and Frequency Extension
The tuning range of this laser system is limited by the tuning range of the cw ring laser, the gain curve of the dye preamplifier, and the Ti:Al 2 O 3 amplifier. With the use of three different dyes ͑LDS759, LDS821, and LDS867͒ and three sets of optics, the system is continuously tunable from 750 to 890 nm.
The good beam quality and short pulse duration provide a high conversion efficiency to the other frequency by doubling, tripling, and mixing techniques. Second-harmonic generations are done with a BBO crystal ͑28.7°, 6 mm ϫ 8 mm ϫ 8 mm͒. The conversion efficiency measured ͑after reflection losses at the optical surface are accounted for͒ is ϳ36% at 835 nm for an input energy of 70 mJ and a beam diameter of ϳ5 mm.
Conclusion
In summary, we have designed and constructed a broadly tunable high-power transform-limited Ti: Al 2 O 3 laser system for the study of spectroscopy and photochemistry. We obtained a pulse energy of as much as 100 mJ at 815 nm. The output beam has a near-Gaussian profile. We obtained 1.7-ns FWHM pulses with 20% pulse-to-pulse amplitude variation and a near Fourier-transform-limited bandwidth of 243 MHz. This laser system is tunable continuously from 750 to 890 nm without any gap, and ASE is less than 10 Ϫ4 for the entire region. Fig. 7 . Simultaneous spectrum analyzer scan of the laser pulse before reflection by the phase-conjugate mirror ͑PCM͒ and the final output.
